Abstract: This paper presents the results of an experimental study on the effect of limestone powder on the compressive strength, tensile behavior, and micromechanical parameters of a highly ductile cement composite incorporating limestone powder. Four mixtures were determined according to the replacement ratio of cement with limestone powder. A series of experiments including compressive strength, uniaxial tension, single fiber pullout, and matrix toughness tests were performed. Test results showed that the strength (compressive, initial cracking, and tensile strength) decreased, and that the tensile strain capacity increased, with an increase of the replacement ratio of cement with limestone powder. Micromechanical tests and analysis supported the uniaxial tension test result.
Introduction
Since Portland cement was developed in the 1820s, concrete has been used as the main construction material in construction fields due to its excellent economic feasibility, relatively high compressive strength, and durability [1] [2] [3] . However, it has inherently low tensile strength (about 10% of compressive strength), which results in susceptibility to cracking, and shows brittle behavior under tensile load, compared with compressive load.
Recently, there is growing interest in highly ductile cement composites (HDCC) which is a class of cement mortar-based composite reinforced by synthetic fibers of less than 2% volume. This combination shows high tensile strain capacity, over 3%, which is approximately three hundred times greater than that of normal concrete [4] [5] [6] [7] . Unlike quasi-brittle concrete materials, HDCC shows tensile strain hardening under uniaxial tensile load. Such superior tensile behavior compared with normal concrete or fiber-reinforced concrete is achieved by proper selection of materials such as binder, aggregate, and fiber; and optimization of the mixture proportions based on micromechanics and steady-state cracking theory. The micromechanics and steady-state cracking theory are the theoretical backgrounds of the multiple cracking and strain-hardening behaviors of HDCC [8, 9] . Based on these theories, it is possible to select materials and determine mixture proportions to achieve a composite with high tensile-strain capacity and controlled crack width.
In most types of HDCC, cement is used as the main binding material. However, a previous report indicated that the cement industry produces approximately 5% of the total carbon dioxide produced by human [10] . Therefore, many studies are being carried out to reduce the use of cement by partially replacing the cement with inorganic binders such as fly ash, blast furnace slag, and limestone powder, which are industrial by-products [11] [12] [13] . Limestone powder was assumed to be an inert filler before the 1980s, however, recent studies showed that calcium carboaluminate hydrates precipitate during the hydration of Portland limestone cement. Moreover, there is an interaction between calcium carbonate and tricalcium silicate [14] . Previous literature reported that the fluidity of the concrete was improved and cost efficiency improved by incorporating limestone powder [15, 16] . The amount of superplasticizer in concrete can be reduced by incorporating limestone powder while maintaining fluidity; although the performance depends on the particle size distribution and particle shape as well as surface characteristics of the limestone powder [17] . Zhou et al. (2010) also reported that the flexural deflection capacity and the tensile strain capacity of engineered cementitious composites (ECC) increased as the limestone powder content increased [18] . Although the feasibility of adapting limestone powder for HDCC has been demonstrated, study of the effects of limestone powder on the tensile behavior of HDCC, in terms of micromechanics, is still limited.
The purposes of this study were to investigate the effects of limestone powder on the composite properties of HDCCs, in which the cement was partially replaced by limestone powder, and to investigate the underlying reasons for differences in the tensile behavior observed in the composites by performing matrix fracture and single fiber pullout tests and micromechanical analysis.
Materials and Methods

Materials and Mixture Proportions
Polyvinyl-alcohol (PVA) was used as a reinforcing fiber for the HDCCs investigated in this study and the properties of PVA fiber are listed in Table 1 . Type I ordinary Portland cement with a density of 3.15 g/cm 3 was used as the main binding material. The limestone powder was used as a replacement for cement. The density and fineness of the limestone powder was 2.83 g/cm 3 and 4521 cm 2 /g, respectively. Silica sand with a density of 2.65 g/cm 3 and an average size of 100 µm was used as fine aggregate. Coarse aggregate was excluded to improve the tensile behavior because it increases the fracture toughness of the matrix. Superplasticizer (SP), viscosity modifying agent (VMA), and deformer blended with hydrocarbons and polyglycols were added as admixture to improve the dispersion of the PVA fiber within the mixtures.
The mix proportions of the HDCCs investigated in this study are listed in Table 2 . The HDCC0 mixture was the control mixture and did not contain limestone powder. HDCC15, HDCC30 and HDCC45 were designed to investigate the effect of replacement of cement with various amounts of limestone powder, on the composite properties and micromechanical properties of the HDCC. 
Specimen Preparation
To evaluate the compressive strength and uniaxial tensile behavior of HDCCs, nine cylindrical specimens for each mixture with a diameter of 100 mm and a height of 200 mm, and three dog-bone shaped specimens (Figure 1a ) made in accordance with the recommendations of the Japan Society of Civil Engineers [19] were cast, and all the specimens were covered with plastic sheeting to prevent evaporation of water. All specimens were demolded at the age of three days, and cured in water at a temperature of 23 • C ± 3 • C until being tested. Figure 1b shows the dimensions of the specimen used for the single-fiber pullout test, in which a single PVA fiber was embedded in the matrix. The embedded fiber length was 1 mm. Five specimens for each mixture were prepared in a small acrylic mold. These specimens were demolded at the age of three days, and cured in water at a temperature of 23 • C ± 3 • C until tested. Figure 1c shows the dimensions of the specimen used for the matrix fracture toughness test (based on the wedge-splitting method) [5] . Three specimens were prepared for each mixture. 
To evaluate the compressive strength and uniaxial tensile behavior of HDCCs, nine cylindrical specimens for each mixture with a diameter of 100 mm and a height of 200 mm, and three dog-bone shaped specimens (Figure 1a ) made in accordance with the recommendations of the Japan Society of Civil Engineers [19] were cast, and all the specimens were covered with plastic sheeting to prevent evaporation of water. All specimens were demolded at the age of three days, and cured in water at a temperature of 23 °C ± 3 °C until being tested. Figure 1b shows the dimensions of the specimen used for the single-fiber pullout test, in which a single PVA fiber was embedded in the matrix. The embedded fiber length was 1 mm. Five specimens for each mixture were prepared in a small acrylic mold. These specimens were demolded at the age of three days, and cured in water at a temperature of 23 °C ± 3 °C until tested. Figure 1c shows the dimensions of the specimen used for the matrix fracture toughness test (based on the wedge-splitting method) [5] . Three specimens were prepared for each mixture. 
Compressive Strength and Uniaxial Tension Tests
The compressive strength of the HDCCs was measured using a universal testing machine in accordance with ASTM C39 [20] . Samples were tested at ages of 7, 14, and 28 days. Figure 2a shows the uniaxial tension test setup. Tensile load was applied to the specimen using a universal testing machine with 250 kN capacity at 28 days. The specimens were loaded with a constant cross head speed (0.1 mm/min), and the loading force and elongation were measured to calculate the stress and strain of specimen. Two linear variable differential transducers with a gage length of 80 mm were attached to both sides of the specimen to measure the elongation. 
Fiber Pullout Test and Matrix Fracture Test
A single fiber pullout test was employed to measure the properties of the interface between the fiber and the matrix [21] . Figure 2b illustrates the experimental setup. Protruding PVA fiber was wrapped with an acrylic film and fixed to the grip attached to the load cell of the test equipment. The 
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Fiber Pullout Test and Matrix Fracture Test
A single fiber pullout test was employed to measure the properties of the interface between the fiber and the matrix [21] . Figure 2b illustrates the experimental setup. Protruding PVA fiber was wrapped with an acrylic film and fixed to the grip attached to the load cell of the test equipment. The test was carried out under displacement control at the speed of 0.2 mm/min. Figure 2c shows the test setup for the matrix fracture toughness test [22] . A clip gauge for measuring the crack-mouth-opening displacement (CMOD) was installed and the CMOD was measured according to an increase in the load using the displacement control method (0.001 mm/s) to calculate the fracture toughness (K m ) using Equation (1) .
where, P c is the critical (peak) load, b is the thickness of a specimen, d is the length from bottom face of a specimen to roller axis, α is a/d, and a is the crack length. Figure 3 shows the compressive strength of each mixture. As shown in Figure 3 , all mixtures showed compressive strength over 30 MPa (a compressive strength level widely used for structural concrete) at an age of 28 days. The HDCC0 specimen showed the highest compressive strength (48.8 MPa on average at 28 days). The compressive strength decreased sequentially as the amount of cement replaced with limestone powder increased. This may be attributed to the low hydration rate of limestone powder. As expected, the compressive strength of all specimens increased with age. Figure 2c shows the test setup for the matrix fracture toughness test [22] . A clip gauge for measuring the crack-mouth-opening displacement (CMOD) was installed and the CMOD was measured according to an increase in the load using the displacement control method (0.001 mm/s) to calculate the fracture toughness (Km) using Equation (1). 
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where, is the critical (peak) load, is the thickness of a specimen, is the length from bottom face of a specimen to roller axis, is / , and is the crack length. Figure 3 shows the compressive strength of each mixture. As shown in Figure 3 , all mixtures showed compressive strength over 30 MPa (a compressive strength level widely used for structural concrete) at an age of 28 days. The HDCC0 specimen showed the highest compressive strength (48.8 MPa on average at 28 days). The compressive strength decreased sequentially as the amount of cement replaced with limestone powder increased. This may be attributed to the low hydration rate of limestone powder. As expected, the compressive strength of all specimens increased with age. Figure 4 shows the tensile stress-strain curves of each HDCC mixture. All mixtures showed apparently pseudo strain-hardening behavior under uniaxial tensile load. As shown in Figure 4 , stress drop can be observed when cracks occurred, which means that all specimens had multiple micro-cracks.
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The initial cracking strength, tensile strength, and tensile strain capacity of each mixture are listed in Table 3 . The tensile strength and tensile strain capacity were defined as the maximum tensile stress and the tensile strain corresponding to the tensile strength, respectively. Similar to compressive strength test results, the initial cracking strength decreased as the replacement ratio of limestone powder increased. This is attributable to the fact that the cracking strength depends on the matrix properties (i.e., the strength of matrix and flaw size in the matrix) [23] . Although the initial cracking strength depends on the replacement ratio of cement with limestone powder, all mixtures showed similar ratios of initial cracking strength to compressive strength. The ratios of initial cracking strength to compressive strength of each mixture HDCC0, HDCC15, HDCC30, and HDCC45, were 8.2%, 8.3%, 8.3% and 8.3%, respectively, which are similar to that of normal concrete. Figure 4 shows the tensile stress-strain curves of each HDCC mixture. All mixtures showed apparently pseudo strain-hardening behavior under uniaxial tensile load. As shown in Figure 4 , stress drop can be observed when cracks occurred, which means that all specimens had multiple micro-cracks.
The initial cracking strength, tensile strength, and tensile strain capacity of each mixture are listed in Table 3 . The tensile strength and tensile strain capacity were defined as the maximum tensile stress and the tensile strain corresponding to the tensile strength, respectively. Similar to compressive strength test results, the initial cracking strength decreased as the replacement ratio of limestone powder increased. This is attributable to the fact that the cracking strength depends on the matrix properties (i.e., the strength of matrix and flaw size in the matrix) [23] . Although the initial cracking strength depends on the replacement ratio of cement with limestone powder, all mixtures showed similar ratios of initial cracking strength to compressive strength. The ratios of initial cracking strength to compressive strength of each mixture HDCC0, HDCC15, HDCC30, and HDCC45, were 8.2%, 8.3%, 8.3% and 8.3%, respectively, which are similar to that of normal concrete. The tensile strength depends on the properties of the fibers and interfacial properties between the fiber and the matrix, as well as the matrix properties. Therefore, the tensile strength of composites generally decreases with decrease in the strength of the matrix. This results in decreased bonding strength between the fiber and the matrix, when the fiber properties are the same. Although the tensile strength of each mixture decreased with increase of the replacement ratio of cement with limestone powder, the ratios of tensile strength to compressive strength slightly increased with increase in the replacement ratio of limestone powder. The ratios of tensile strength to compressive strength of each mixture HDCC0, HDCC15, HDCC30, and HDCC45, were 10.5%, 10.7%, 11.1% and 11.2%, respectively. The ratios of tensile strength to initial cracking strength also increased with an increase in the replacement ratio of limestone powder. The ratios of tensile strength to initial cracking strength of each mixture HDCC0, HDCC15, HDCC30, and HDCC45, were 1.28, 1.30, 1.34, and 1.35, The tensile strength depends on the properties of the fibers and interfacial properties between the fiber and the matrix, as well as the matrix properties. Therefore, the tensile strength of composites generally decreases with decrease in the strength of the matrix. This results in decreased bonding strength between the fiber and the matrix, when the fiber properties are the same. Although the tensile strength of each mixture decreased with increase of the replacement ratio of cement with limestone powder, the ratios of tensile strength to compressive strength slightly increased with increase in the replacement ratio of limestone powder. The ratios of tensile strength to compressive strength of each mixture HDCC0, HDCC15, HDCC30, and HDCC45, were 10.5%, 10.7%, 11.1% and 11.2%, respectively. The ratios of tensile strength to initial cracking strength also increased with an increase in the replacement ratio of limestone powder. The ratios of tensile strength to initial cracking strength of each mixture HDCC0, HDCC15, HDCC30, and HDCC45, were 1.28, 1.30, 1.34, and 1.35, respectively. Kanda and Li (2006) proposed practical criteria for saturated pseudo-strain hardening behavior of composites [24] . They proposed performance indices (i.e., stress performance index and energy performance index), both of which must be larger than unity to achieve saturated pseudo-strain hardening behavior. The stress performance index was defined as the ratio of the peak fiber bridging stress to the initial cracking strength. The peak fiber bridging stress is identical to the tensile strength of the composite. When this condition is satisfied, multiple-cracking behavior can be ensured. The higher the stress performance index is, the higher the potential for multiple-cracking behavior and the higher the tensile strain capacity. The tensile strain capacity increased as the stress performance index increased. All mixtures showed several hundred times higher tensile strain capacity than normal concrete, of which the tensile strain capacity is approximately 0.01%. From these test results and analysis, it can be confirmed that the stress performance index can be adopted when designing the mixture and evaluating a composite incorporating limestone powder. Regarding the energy performance index, it is necessary to take into account complementary energy in the fiber bridging curves and matrix fracture toughness, which will be discussed in the section on micromechanical analysis.
Interfacial Properties between the Fiber and the Matrix
The interfacial properties (i.e., the chemical bond strength (G d ) and frictional bond strength (τ 0 ) between the matrix and fiber) are listed in Table 4 . It was observed that the chemical bond strength was not significantly influenced by the replacement of cement with limestone powder within the limited range of this study. The maximum absolute difference of chemical bond strength between the control mixture (HDCC0), and other mixtures incorporating limestone powder, was 0.6%. This is attributable to the fact that the chemical structures between the surface of the fiber and matrix were not changed because all mixtures have same amount of water. On the other hand, the frictional bond strength decreased gradually as the replacement ratio of cement with limestone powder increased. While fiber pullout was occurring, the damaged fiber surface was caught in the matrix, creating friction force against fiber-pullout; thus, the friction force is dependent on the matrix strength. The matrix strength decreased with an increase in the replacement ratio of limestone powder, leading to decrease of the frictional bond strength. The frictional bond strength of the HDCC45 mixture was lower by 38.4%, compared to the HDCC0 (control) mixture. 
Matrix Fracture Toughness
The fracture toughness values of each mixture are listed in Table 5 . The matrix fracture toughness (K m ) for mode I decreased gradually as the replacement ratio of cement with limestone powder increased. The fracture toughness of the HDCC45 mortar mixture was lower by 48.2% than that of the HDCC0 mortar mixture. The fracture energy (J tip ) is defined as the energy consumed by crack propagation and can be calculated using Equation (3).
where E c is the elastic modulus obtained from the compressive test of matrix. The fracture energy of the HDCC45 mortar mixture was lower by 68.3% than that of the HDCC0 mortar mixture. Increased replacement ratio of the limestone powder caused reduced compressive strength and fracture toughness of the matrix. Figure 5 shows a typical fiber bridging curve and conditions for pseudo strain-hardening behavior with multiple cracks, and controlled crack width [25] . Marshall and Cox (1988) proposed the energy criterion for steady-state matrix-cracking of composites, which is expressed as Equation (4) [9] . The complementary energy (J ' b : gray shaded area in Figure 5 ) in the fiber bridging curve must be higher than the matrix fracture energy (J tip : blue shaded area in Figure 5 ). It can be explained physically that the energy required to increase the crack width in the composite should be higher than that required for crack propagation in the matrix.
Micromechanical Analysis
where σ 0 is the maximum fiber bridging stress and δ 0 is the crack opening corresponding to σ 0 on the fiber bridging curve. Figure 5 shows a typical fiber bridging curve and conditions for pseudo strain-hardening behavior with multiple cracks, and controlled crack width [25] . Marshall and Cox (1988) proposed the energy criterion for steady-state matrix-cracking of composites, which is expressed as Equation (4) [9] . The complementary energy ( : gray shaded area in Figure 5 ) in the fiber bridging curve must be higher than the matrix fracture energy ( : blue shaded area in Figure 5 ). It can be explained physically that the energy required to increase the crack width in the composite should be higher than that required for crack propagation in the matrix.
where σ0 is the maximum fiber bridging stress and δ0 is the crack opening corresponding to σ0 on the fiber bridging curve. . Typical fiber bridging curve for a strain hardening composite (adapted from [26] ). Figure 6 shows the fiber-bridging curves of each mixture, which were calculated theoretically by numerical analysis [26, 27] according to micromechanics based on micromechanical parameters (i.e., fiber, matrix, and fiber/matrix interfacial properties) obtained by single fiber pullout and matrix fracture toughness tests. The complementary energies were also calculated from the theoretical fiber bridging curves listed in Table 6 . Although peak fiber bridging stress decreased with an increase of the replacement ratio of cement with limestone powder, the complementary energy increased with an increase of the replacement ratio of cement with limestone powder. Figure 6 shows the fiber-bridging curves of each mixture, which were calculated theoretically by numerical analysis [26, 27] according to micromechanics based on micromechanical parameters (i.e., fiber, matrix, and fiber/matrix interfacial properties) obtained by single fiber pullout and matrix fracture toughness tests. The complementary energies were also calculated from the theoretical fiber bridging curves listed in Table 6 . Although peak fiber bridging stress decreased with an increase of the replacement ratio of cement with limestone powder, the complementary energy increased with an increase of the replacement ratio of cement with limestone powder. The energy performance index (R E ) proposed by Kanda and Li (2006) [24] is defined as the ratio of the complementary energy to the fracture energy of a matrix. It is known that when R E is over 3.0, multiple micro-cracking can be ensured. The R E values of all the HDCC mixtures were higher than 3.0, properly satisfying the energy condition. The R E value of the HDCC0 specimen was 4.8; however, this was the lowest value among all the specimens. On the other hand, the HDCC45 mixture exhibited the largest R E (17.8), which is 3.7 times higher than that of the HDCC0 mixture. The R E values increased sequentially as the replacement ratio of cement with limestone powder increased, which means that the potential of steady state cracking behavior increases with an increase of the replacement ratio. As described in Section 3.1, the stress performance index also increased with an increase in the replacement ratio. Overall, the replacement of cement with limestone powder increased the tensile strain capacity and the potential of saturated pseudo-strain hardening behavior, although it also induced some loss of strength. Micromechanical tests and analysis supported the tensile behavior and fundamental mechanisms of the HDCC mixtures investigated in this study. multiple micro-cracking can be ensured. The RE values of all the HDCC mixtures were higher than 3.0, properly satisfying the energy condition. The RE value of the HDCC0 specimen was 4.8; however, this was the lowest value among all the specimens. On the other hand, the HDCC45 mixture exhibited the largest RE (17.8), which is 3.7 times higher than that of the HDCC0 mixture. The RE values increased sequentially as the replacement ratio of cement with limestone powder increased, which means that the potential of steady state cracking behavior increases with an increase of the replacement ratio. As described in Section 3.1, the stress performance index also increased with an increase in the replacement ratio. Overall, the replacement of cement with limestone powder increased the tensile strain capacity and the potential of saturated pseudo-strain hardening behavior, although it also induced some loss of strength. Micromechanical tests and analysis supported the tensile behavior and fundamental mechanisms of the HDCC mixtures investigated in this study. 
Conclusions
This study investigated experimentally the effect of limestone powder on the composite properties and micromechanical parameters of HDCC in which the cement was partially replaced by limestone powder. From the test results, the following conclusions were drawn.
1. The compressive strength of the mixtures decreased as the replacement ratio of cement with limestone powder increased. The HDCC45 mixture, in which 45% of the cement was replaced by limestone powder, showed compressive strength over 30 MPa at the age of 28 days, which is the strength value widely used for structural concrete.
2. Although the initial cracking strength and tensile strength of the mixtures decreased with an increase of the replacement ratio of cement with limestone powder, the ratio of tensile strength to initial cracking strength, which is expressed as the stress performance index, increased with an increase of the replacement ratio of cement with limestone powder. It was observed that the tensile strain capacity increased as the stress performance index increased. The tensile strength of HDCC45 
2. Although the initial cracking strength and tensile strength of the mixtures decreased with an increase of the replacement ratio of cement with limestone powder, the ratio of tensile strength to initial cracking strength, which is expressed as the stress performance index, increased with an increase of the replacement ratio of cement with limestone powder. It was observed that the tensile strain capacity increased as the stress performance index increased. The tensile strength of HDCC45 was lower by 35% than that of HDCC0. On the other hand, the tensile strain capacity of HDCC45 was higher by 62% than that of HDCC0.
3. It was observed that the frictional bond strength between the PVA fiber and the matrix, and the fracture energy of the mortar, decreased with an increase of the replacement ratio of cement with limestone powder. The frictional bond strength of the HDCC45 mixture was lower by 38% than that of HDCC0 mixture, and the fracture energy of the HDCC45 mortar mixture was lower by 68.3% than that of HDCC0 mortar mixture. On the other hand, the effect of replacement of cement with limestone powder on the chemical bond strength was negligible.
4. Micromechanical analysis confirmed that all the mixtures investigated in this study satisfied the strength condition and the energy condition for saturated pseudo-strain hardening behavior of the composite. The stress performance index and the energy performance index of the mixtures increased sequentially as the replacement ratio of cement with limestone powder increased. The energy performance index of the HDCC45 mixture was 17.8, 3.7 times higher than that of the HDCC0 mixture.
